INTRODUCTION
For many years, aircraft and automobile industries have been seeking to improve mechanical properties in critical areas of materials. As early as 1972 [1] [2] [3] [4] [5] , people began to seek laser-shock-induced microstructure and mechanical property changes in metals. They observed that the substructures with very dense tangled dislocations were generated within the laser shock processing (LSP) area. It results in improved stress-corrosion resistance and fatigue resistance in metals. Nowadays, laser induced shocks are widely used for getting information on the behavior of materials under high dynamic pressure. Fabbro et. al. [6] denoted that over the range oflaser power density of 10 9 -10 1 W/cm 2 , the ratio of the pressure induced by constrained way with that induced by the ablation p(t)/Pab varies from 9.6 to 3.9.
We have observed that laser shock induced high-intensity stress wave, which has influence on the changes of hardness, fatigue resistance, and microstructure in the heating affected zone of metals. Laser-shock processing (LSP) increases fatigue life about 590% on average for aluminum alloy 2024 [7] . However no report is related to the distribution of their sound property modification.
Laser ultrasonic method is suitable to probe the distribution of properties because the laser is a flexible ultrasonic source with broad frequency bandwidth. It can be used for noncontact, remote and localized measurement. The signals of longitudinal (L-) and shear (T-) waves can be detected simultaneously at same position with higher accuracy [8-11 1 . In this paper the sound properties of laser shocked aluminum alloy 2024-T62 have been investigated by laser ultrasonic method.
PRINCIPLE
Previous research results show that three types ultrasonic waves, such as L-, Twaves, and surface acoustic wave, can be excited and propagated in the solid all together once a pulsed laser beam irradiates a surface of solid. By using a contactless detector, one can probe both L-and T -waves at epicenter point of the sample simultaneously.
In our experiment we adjust the power of laser beam with a suitable value, so that higher resolution can be reached. Thus the excitation mechanisms may mix thermoelastic, melting and ablation effects together, and the epicenter waveform is a superposition of the effects. The epicenter displacement Uz can be written as 3 uz(t) == LAiuzi(t) i=l (1) where t is the time, i=l, 2, and 3, denote the thermaelastic, melting, and ablation mechanisms respectively, A is the weight coefficient. The epicenter displacement Uz of a plate due to point source and thermoelastic mechanism is given by Rose [12] . (2) where f= Ea TKQ[(1-2u)Kr I , E is the Young modulus. aT, K, and K are the linear coefficient of thermal expansion, the thermal diffilsivity, and the thermal conductivity respectively. v is the Poisson' ratio. Q is the thermal energy. g~ is Green function of displacement for step function The function H is the step function. get) is the profile of laser beam in time domain. The symbol * denotes a convolution operator.
We consider that a melting layer covered on the sample surface has the effect of surface modification which is similar to that by a transparent overlay. Therefore, for a plate with thickness h and melting depth dm,the epicenter displacement due to point source and melting excitation can also be described by the formula given by Rose [12] : (3) Where a=1/cL, b=1/CT, A == kin!!, k=eL Ie?, a == (a 2 + ch I12 , ~== (b 2 + ch I12 , y == (b 2 + 2C;2)1I2 and 9i == (y2 + 4c;2a~)-I respectively. CL and Cr are the velocities ofL-and T -waves respectively .. tl and h are the propagation times ofL-and T -waves respectively. The epicenter displacement waveform excited by ablation mechanism for a plate is given by [13] f . . . . (4) n, .
Uz3(O,h,t)==~(It +Fy)
• nCT where sf.. = (t 2 / h 2 -1 / cf..), sj = (t 2 / h 2 -1 / q) , f is the perpendicular force acting into the surface of sample. It must be noted that in spite of the laser exciting ultrasonic wave due to the melting or the ablating effect, there is a melting layer existed at the surface of sample. When the thickness of melting layer is near to half of the wavelength, an oscillation waveform may form. The melting mechanism has been considered by us [14] , and the ablation effect only influences the perpendicular force. Here, we consider that the profiles of laser pulse in space and time domains can be described by Gaussian functions. For the waist radius and time duration of exciting laser beam of 0.1 mm and 8 ns respectively, the epicenter displacement can be calculated by the following equation
We calculate the epicenter displacement waveform only accounting the thermoelastic and melting effects for first approximation. The calculation waveform for AI alloy with thickness of2.5 mm is shown in Fig. 1. From Fig. I , we can see that the first signal describes a L-wave arriving, and the second signal describes a T -wave arriving. By the analysis of the waveform, we obtaine the time-of-flight (TOF) of sample for L-and T -waves. Then the velocity CL, and CT for L-and T -wave-packets can be calculated using the equation as follow 
EXPERIMENT
The aluminum alloy 2024-T62 is used as the sample. Its chemical compositions and mechanical properties before laser shock are shown in table I. In table I, (jb and (jO.2 denote the tensile intensity and yield intensity respectively. The shape of AI alloy looks like a dog bom [7] and with thickness 2.515 mm. The AI alloy was irradiated by a single shot Nd:Glass laser with pulse energy of30 J, duration of30 ns. A black material with thickness of 100llm is coated on the surface of sample and a transparent glass disk with diameter of 20 mm and thickness of 4.5 mm is pressed against the coating layer. The laser beam of7 mm in diameter shocked the sample twice for each treatment. As the peak pressure of shock wave near I GPa to 2 GPa induced by laser at the sample surface is larger than the dynamic yield strength, the produced plastic deformation forms a bright shallow crater with a diameter near 7.5 mm, as shown Fig. 2 , which can be fitted by solid line obtained by polynomial expression. After LSP, the 0.2% offset yield strength, the ultimate tensile strength, surface hardness of specimens and fatigue life of sample increases by 13.3%,13.4%,117.5% and 590% on the average, respectively [7] .
A laser ultrasonic experimental system is used as shown in Fig. 3 . The Nd:Y AG Qswitched laser with 8 ns duration and pulse energy 1 Ill-I 0 rnJ was used as an excitation source. The pulsed laser beam with a focused spot less than 1 mm in diameter. A heterodyne laser interferometer with a frequency bandwidth of 18 MHz is used as a detector. The probe beam is focused on a spot with diameter of 0.1 mm while the ultrasonic signal received by detector is fed to a digitized oscilloscope (HP54510B), which has sampling rate up to 1 Gbits/s. Then the signal is processed by a computer. Fig. 2 The profile of LSP area. Fig. 3 Experimental system oflaser ultrasound.
The waveforms are detected by moving the sample 0.5 mm per step. Fig. 4 (a) shows the scanning ways, and Fig. 4 (b) shows the waveforms measured as an examples. From the waveforms, we measure the time of flight of L-and T -waves, and calculate the velocities ofL-and T-waves according to the Eq. (6) . There is a difference of the time-of-flight of ultrasonic wave at the different positions within the laser-shocked area, which is caused by two factors: the changes of the thickness and the microstructure of sample. In calculating the velocities of ultrasonic waves, we account the factor caused by the thickness change as shown in Table 2 , where CAlL and CAIT are the velocities ofL-and T-waves for AI alloy befor laser shocked. The distributions ofL-and T-waves are shown in Fig. 5 and Fig. 6 respectively. 
Time (s) (b) Position from center (mm) Position from center (mm) (a) (b) Fig. 6 The distributions of ultrasound velocities obtained from the measurements on (a) I and 4 and (b) 2 and 3 path, for T-waves, respectively.
DISCUSSION
In Fig. 5 and Fig. 6 , the solid lines are the fitting curves obtained by polynomial expression. From Table 2 , we can see that: The velocities ofL-waves increase at the center of the crater and decrease at the edge in the shocked area, the maximum of the increasing and decreasing are 27% and 14 % respectively. The velocities of T-waves are decrease what ever the wave is propagating at the center or the edge. The relative decreasing at the edge is larger than that at the center of crater. The decreasing maximum can be reach to 16%.
These phenomena display the distribution of microstructure change caused by the LSP. Due to the profile of laser intensity near to Guassian function, the microstructure change may be the difference between the center and the edge within the LSP area. In addition, there are three effects existed during the laser irradiating the sample surface. The first is the laser shock wave. The second is the impulse pressure caused by the volume suddenly expansion. The third is the melting annealing. The first and second effects enable the crystalline break and induce dense dislocations. The melting effect enables the sample annealing, where the grain size increases. In fact, the increasing of hardness, which implicates the dislocation density increasing, at the center is higher than that at the edge within the laser-shock area. The size of crystalline decreasing is also observed from its metallograph obtained at the center of the crater [ 1 ] . The ;.nnealing effect is larger than the shock effect at the edge of crater because the intensity of laser beam at the center is larger than that at the other positions. From the experimental results, we can guess that, the grain size at the edge of the LSP area is larger than that at the center. Banas et al. [S] observed that some melting of the surface was involved during laser-shock hardening in the HAZ of welded 18 Ni(250) steel, in which the reverted austenite phase has produced. Greveyet aL , [6] reported the existence of a martensite transformation close to the back face of LSP TRIP alloy steel family and very small twinned crystals were found just under the crater and at greater depth. The increase of hardness is linked with the creation of a great density of dislocations. Obviously, our results are the further complement of the others.
CONCLUSION
As mentioned above, some conclusion can be written as follows:
Laser ultrasonics method is a useful tool for characterization of the ultrasonic velocity distribution of AI 2024-T62 materiel after LSP. It is also suitable used to characterize the sound property distribution for any LSP materials.
The velocity ofL-wave increases at the center and decreases at the edge of the laser shocked area (i. e., the crater). The maximum increasing is 27% after Laser shocked. The maximum decreasing is up to 14%, when comparing with that of normal AI alloy before laser shock processing.
The velocity of T -wave decreases at any position within the crater. The value of decreasing at the edge of crater is larger than that at the center. The maximum decreasing is 16.5% when comparing with the velocity of normal AI alloy before laser shock processing.
These phenomenon responses the distribution of microstructure changes due to the lasershock processing.
